Autophagy is a catabolic process that has been shown to have a role in many cellular processes including the removal of excessive or damaged proteins and protein aggregates. The salivary glands play a critical role in oral health, and their secretory capacity may be critically intertwined with the autophagic process. This review describes the role of autophagy activation in normal salivary gland homeostasis and during the glandular stress responses of therapeutic radiation, ductal ligation, autoimmunity, and salivary gland adenoid cystic carcinoma.
Overview of Autophagy
Autophagy is a catabolic process that contributes to the maintenance of basal cellular and tissue homeostasis and serves as a survival mechanism in cellular adaptation to stressors. A major function of autophagy is to remove misfolded proteins or damaged organelles from intracellular compartments, and many studies suggest that autophagy is necessary to maintain cellular homeostasis (Klionsky 2007; Qu et al. 2007; Yousefi and Simon 2007; Glick et al. 2010 ). In addition, autophagy can be induced during metabolic stress, ultimately providing energy and increasing the survival capacity to cells under these conditions (Klionsky 2007; Mathew et al. 2007; Glick et al. 2010 ). An overview of the autophagic activation pathway and the autophagy-related genes (ATGs) that regulate this process is diagrammed in Figure 1 . Key features include the development of double membrane vesicles (autophagosomes) that envelope the cargo, conversion of LC3-I to LC3-II, and reductions in p62 (Martinet et al. 2006; Mizushima and Yoshimori 2007; Tasdemir et al. 2008; Klionsky et al. 2012) . Autophagy is a dynamic process with a number of experimental procedures that aid in determining pathway activation or inhibition. Conditional knockout models of autophagy are necessary in vivo as a complete knockout of autophagy is lethal shortly after birth (Kuma et al. 2004; Schiaffino et al. 2008; Wirawan et al. 2012) . Previous studies utilizing conditional knockouts of autophagy in a variety of tissues have found developmental and/or functional changes in the target tissue when compared to the tissue of wild-type mice (Komatsu et al. 2005; Hara and Matsui 2006; Komatsu et al. 2006; Nakai et al. 2007; Pua et al. 2007; Jung et al. 2008; Raben et al. 2008; Zhang et al. 2009 ).
Autophagy and Homeostasis of Normal Salivary Glands
The Atg5 f/f ;Aqp5-Cre mouse model was developed to study the role of autophagy in normal salivary gland function. This mouse model was developed by crossing Aqp5-Cre mice (Flodby et al. 2010 ) with Atg5 f/f mice (Hara and Matsui 2006) . Aquaporin 5 (AQP5) is the primary aquaporin channel expressed on acinar cells and is localized to the apical membrane of acinar cells but not ductal cells. In these mice, the Cre recombinase is knocked-in to exon 1 of 1 copy of endogenous AQP5, and the Atg5 gene is flanked with lox P sites, leading to the preferential loss of Atg5 in salivary acinar cells, thereby rendering these mice autophagy deficient (Morgan-Bathke et al. 2013) . Initial characterization of this mouse model focused on homeostasis parameters in young mice (4-6 wk) and found that the Atg5 f/f ;Aqp5-Cre mice have no differences in apoptosis, proliferation, or carbachol-induced salivary secretion. Total secreted protein profiles as well as amylase levels remained similar in Atg5 f/f ;Aqp5-Cre mice when compared with wild-type controls (Morgan-Bathke et al. 2013 ). It has previously been suggested that autophagy could entail a highly specialized step in the maturation of secretory organelles since the Golgi is involved in both autophagy and secretory granule biogenesis (Deretic et al. 2012) . Salivary-specific Atg5 inactivation leads to a moderate increase in acinar cell hypertrophy and the accumulation of secretory granules that became more pronounced with aging (6 and 18 mo) (Morgan-Bathke et al. 2013). The treatment of autophagy-deficient mice with isoproterenol resulted in the retention of secretory granules, suggesting that autophagy may regulate mucous and/or serous granule biogenesis and secretion (Morgan-Bathke et al. 2013) . In summary, we speculate that autophagy could be a key regulator for the homeostatic regulation of cellular organelles and proteins in salivary acinar cells.
Autophagy and Salivary Stress Responses

Autophagy and Radiation
As stated previously, autophagy can serve as a major survival mechanism during cellular adaptations to stress. One common stressor in salivary glands is the exposure of nondiseased salivary tissues to therapeutic radiation during the treatment of head and neck cancer. Importantly, radiation induces the acute and chronic loss of salivary function, resulting in a severe diminishment in the quality of life for these patients (Hancock et al. 2003; Dirix et al. 2006; Cady 2007) . Previous studies using knockdown models of autophagy in a variety of cell types have reported that the loss of autophagic capacity leads to increased DNA damage, cell death, and dysregulation of the cell cycle following treatment with cytotoxic agents and radiation (Levine and Abrams 2008; Bae and Guan 2011) . Studies using the salivary-specific conditional knockout model of Atg5, Atg5 f/f ;Aqp5-Cre, determined that the inactivation of autophagy in the salivary glands leads to a significant decrease in stimulated salivary flow rates following a single 5-Gy dose of targeted head and neck radiation in both males and females when compared with irradiated Atg5 +/+ ;Aqp5-Cre (wild-type) mice at 3, 14, and 30 d after treatment (Morgan-Bathke, Hill, et al. 2014) . The administration of insulin-like growth factor 1 (IGF-1) has been previously shown to prevent radiationinduced salivary gland dysfunction Limesand et al. 2010) ; however, IGF-1 was unable to preserve function in autophagy-deficient mice (Atg5 f/f ;Aqp5-Cre) (Morgan-Bathke, Hill, et al. 2014 ). This loss of salivary secretory function is most likely due to increased rates of apoptosis observed at acute time points (24-48 h) ( Fig. 2 ), analogous to other models of radiation-induced salivary gland dysfunction (Avila et al. 2009; Limesand et al. 2009 ). This elevated apoptosis in the Atg5 f/f ;Aqp5-Cre mice leads to an early induction of compensatory proliferation, as demonstrated by increased proliferating cell nuclear antigen levels 48 to 72 h following treatment (Morgan-Bathke, . Radiation treatment has also been shown to decrease microvasculature density in the parotid gland (Xu et al. 2010) ; however, it is currently unclear if autophagy contributes to microvascular endothelial cell loss. The compensatory proliferation of irradiated salivary glands has been previously shown to occur approximately 1 wk after damage in many studies (Peter et al. 1994; Radfar and Sirois 2003; Muhvic-Urek et al. 2006; Grundmann et al. 2010) , and chronically elevated proliferation in the salivary glands has been associated with poor salivary gland function ). Atg5 f/f ;Aqp5-Cre autophagy-deficient mice continue to exhibit dysregulated proliferation 30 d after radiation, resulting in focal areas of hyperplasia (Morgan-Bathke, . We hypothesize that autophagy may aid in the reestablishment of cellular homeostasis following radiation by Figure 1 . Schematic of the autophagic process. The autophagic process begins with the formation of the Atg1, Atg13, and Atg17 complex that signals Atg9 to bring lipids to the phagophore. This step is regulated by mTOR, which inhibits this step by phosphorylating (represented by the dark blue "P") Atg13, making it unable to form a complex with Atg1 or Atg17. mTOR can be inhibited by pharmaceuticals such as rapalogues as well as systemic conditions such as nutrient depletion or oxidative stress. Increased intracellular Ca 2+ concentrations, decreased ATP levels, and p53 and AMPK signaling pathways also allow for the inhibition of mTOR. Vps34 regulates autophagy by forming a complex with Beclin-1 by increasing levels of PI3P, which is necessary for phagophore elongation. Atg5 activates Atg12 by binding to its carboxy terminal, where it acts like an E1 ubiquitin-activating enzyme. Then, Atg12 is transferred to Atg10, which acts like an E2 ubiquitin carrier protein and allows Atg12 to complex with Atg5. The Atg12/Atg5 complex binds with Atg16. This new complex induces curvature of the phagophore. Then, LC3 is proteolytically cleaved by Atg4 to create LC3-I. Next, the exposed carboxy terminal of LC3-I is activated by Atg7 and transferred to Atg3, where phosphatidylethanolamine is conjugated to carboxyl glycine and LC3-II is formed. The Atg5/Atg12 complex allows for the recruitment and integration of LC3-II into the phagophore. LC3-II is then required for hemifusion of the membranes and selection of metabolites for degradation.
balancing apoptosis and proliferation in salivary glands (Fig. 2) .
Autophagy can be induced pharmacologically through the use of rapamycin and its derivatives CCI-779 and RAD-001 . These pharmaceuticals act similarly through the inhibition of mTOR complex 1 (Laplante and Sabatini 2013) (Fig. 1) . A few studies have utilized this approach following radiation treatment of noncancerous tissues. Following radiation-induced salivary gland dysfunction, CCI-779 treatment (4-8 d after radiation) resulted in improved stimulated salivary flow rates (30 d after radiation) that are similar to unirradiated controls (Morgan-Bathke, . Radiotherapy for head and neck cancer also damages the oral epithelium, leading to mucositis in patients. In a rodent model of radiation-induced mucositis, rapamycin was able to promote the repair of this epithelial layer and the resolution of oral sores (Iglesias-Bartolome et al. 2012 ). Mechanistically, a study conducted with primary human keratinocytes proposed that rapamycin induced increases in mitochondrial superoxide dismutase and therefore a reduction of reactive oxygen species (ROS) (Iglesias-Bartolome et al. 2012). However, this inhibition of ROS may also be due to the induction of autophagy with rapamycin based on the well-defined ability of autophagy to inhibit oxidative stress (Vernon and Tang 2013) . In addition, rapamycin has been shown to potently inhibit proliferation (Feng et al. 2005; Oliveira et al. 2008; Laplante and Sabatini 2013) and administration after radiation-induced salivary gland dysfunction restored proliferation indices of the parotid gland to unirradiated levels (Morgan-Bathke, . Overall, these studies suggest that the loss of autophagy exacerbates the negative response to radiation and that the activation of autophagy could play a beneficial role in re-establishing salivary gland homeostasis.
Autophagy and Ductal Ligation
Ligation of the major excretory duct of the submandibular gland (SMG) prevents the outflow of saliva, and extended obstruction leads to acinar cell and glandular atrophy. Studies using animal models of duct ligation as a model of atrophy regulation have proposed that these findings could extend to obstructive sialadenitis, Sjogrën syndrome, or patients receiving head and neck radiation therapy (Silver et al. 2010; Lin et al. 2014 ). Autophagy as well as mTOR pathways were both activated in salivary glands as early as 1 d following sustained duct ligation, and thus, both pathways are implicated in salivary gland atrophy and survival, albeit possibly targeting a different population of cells (Silver et al. 2010 ). Furthermore, daily postligation treatments of the mTOR inhibitor rapamycin delayed ligation-induced salivary gland atrophy in mice (Bozorgi et al. 2014) . However, rapamycin is also a potent inducer of autophagy (Sarkar et al. 2009 ). It is unclear what effect rapamycin has on autophagy signaling in this duct ligation model. Furthermore, using a Atg5 f/-;Aqp5-Cre mouse duct ligation model, the effects of ATG5 deficiency in acinar cells and the reduced ATG5 level in duct cells of SMGs were studied simultaneously in mice subjected to sustained ligation for up to 7 d (Fig. 3) . Ligation-induced acinar cell apoptosis was delayed in autophagy-impaired acinar cells in SMGs. Consistent with the animal study, in vitro analyses showed that the treatment with autophagy inhibitors, chloroquine and bafilomycin A1, or knockout of the Atg7 gene reduced the susceptibility to H 2 O 2 -induced cell death in mouse embryonic fibroblasts and salivary cells . In contrast to ligation-induced atrophy in acinar cells, granular convoluted tubules (GCTs) were dilated at 1 d due to a stoppage in saliva outflow but exhibited premature cellular senescent phenotypes upon continued obstruction at 3 d after ligation. The premature senescence in SMG GCTs with a reduced level of ATG5 remains unresolved at 7 d after ligation, while control wild-type GCTs return toward baseline (Fig. 3) . Therefore, autophagy functions in both acinar and duct cells, and the manipulation of autophagic capacity can potentially provide intervention in the treatment of oral diseases and conditions involving salivary glands.
Autophagy and Autoimmune Responses
It has been postulated that the autophagic process could deliver self-antigens to major histocompatibility complex class II molecules and thereby contribute to an autoimmune disease. In a systemic lupus erythematosus (SLE) mouse model, peripheral Figure 2 . Autophagy and the radiation response. DNA damage following radiation leads to the stabilization and transcriptional activation of p53, resulting in the induction of apoptosis. High levels of apoptosis are correlated with a significant loss of salivary gland function. The utilization of growth factors, such as insulin-like growth factor 1 (IGF-1) treatment (displayed by the GF receptor at the top of the figure) , allows for the inhibition of apoptosis and potentially the induction of autophagy, thereby preventing the loss of salivary gland function after radiation. Autophagy induction after radiation damage may lead to a resolution of excessive oxidative stress and compensatory proliferation, resulting in the restoration of salivary gland function.
T cells had more autophagic vesicles when compared with controls (Gros et al. 2012) . Additionally, T cells from patients with SLE had a similar increase in autophagic vesicles. Intriguingly, 1 patient in a comparison nonlupus autoimmune group had primary Sjogrën syndrome and did not display increased autophagosomes in T cells (Gros et al. 2012) . This evidence has led to a clinical trial evaluating the efficacy of rapamycin in the treatment of SLE (Monneaux and Muller 2009; Perl 2009 ). Currently, there is a limited amount of studies directly evaluating autophagy and Sjogrën syndrome. In cultures of salivary human submandibular gland cells, the disruption of autophagy enhances the apoptotic effect of endoplasmic reticulum (ER) stress-inducing agents that deplete Ca 2+ stores, such as thapsigargin. ER stress also led to the redistribution of autoantibodies (Ro and La) to the cell membrane (Katsiougiannis et al. 2015) . It has been hypothesized that alterations in intracellular Ca 2+ lead to autophagy induction in order to promote cell survival (Sukumaran et al. 2015) . More studies will be necessary to fully elucidate the role of autophagy in primary Sjogrën syndrome.
Autophagy and Salivary Cancer
The dysregulation of autophagy has been implicated in a variety of human diseases, including intestinal, pulmonary, vascular, infectious, metabolic, and neurodegenerative diseases, as well as in aging and a variety of cancers Schneider and Cuervo 2014) . The association of autophagy and cancer development may be stage dependent; initially, autophagy may serve a preventative role against cancer and, in later stages of tumor development, serve to protect cancer cells (White 2012; Jiang and Mizushima 2014) . Furthermore, autophagy inhibitors and inducers have been exploited as targets for anticancer therapy (Janku et al. 2011 ) based on their role in promoting tumor suppression or progression, respectively. One of the most common malignancies of the major and minor salivary glands is adenoid cystic carcinoma (ACC). The treatment of salivary ACC cells with anticancer drugs, including cisplatin (Ma et al. 2013; , mTOR inhibitor temsirolimus , obatoclax (Liang et al. 2014) , YM155 , isoliquiritigenin (Chen et al. 2012) , and zoledronic acid (Ge et al. 2014) , reportedly induced autophagy but with different outcomes. Among these agents, cisplatin-based adjuvant chemotherapy is widely used in the treatment of salivary ACC. Autophagy played a protective role in ACC cells treated with cisplatin, such that autophagy inhibition by 3-methyladenine (3-MA), chloroquine, or Beclin-1 siRNA sensitized ACC cells toward cisplatin-induced cytotoxicity (Ma et al. 2013; . In contrast, chemotherapeutic agents zoledronic acid (Ge et al. 2014 ) and isoliquiritigenin (Chen et al. 2012 ) induced autophagic and/or apoptotic cell death that was attenuated by autophagy inhibitor 3-MA or when the expression of autophagy machinery genes (Atg5, Atg7, Beclin-1) was suppressed in ACC cells. Autophagy in these cases thus played a pro-death role by facilitating apoptosis. Therefore, the types of chemotherapeutic agents, treatment intensity, duration, sequence, and heterogeneity of ACC cells could all contribute to differential responses of salivary ACC toward autophagy manipulations. In addition to the aforementioned autophagy induction by chemotherapeutics, many anticancer agents, such as zoledronic acid (Ge et al. 2014) , are known to generate ROS in cells. Studies have suggested that autophagy and ROS pathways are mutually linked and that their crosstalk plays an important role in both cancer progression and cellular responses to chemotherapeutics (Dewaele et al. 2010) . The clinical impact of autophagy induction or inhibition is yet to be defined in anticancer therapy, and indeed, the function of autophagy in cancer is clearly context dependent.
Future Directions
It is widely reported that autophagy activation is similar to a double-edged sword with beneficial and detrimental properties (Shintani and Klionsky 2004) . This also appears to be the case in the salivary glands under basal and stressed conditions. Following radiation or ductal ligation, it is evident that autophagy contributes to the repair response at acute time points, leading to acinar cell homeostasis. However, under sustained stress conditions, autophagy may promote programmed cell death responses. Further characterization of the acinar versus ductal response under various stress conditions would clarify the conditions for rapamycin utilization and possibly expand therapeutic options for patients with xerostomia. Ligation of the main excretory duct of the submandibular gland (SMG) for up to 7 d elicits apoptosis in acinar cells and premature senescence in granular convoluted tubules (GCTs). Compared with cells from ductligated Atg5 wild-type (WT) SMGs, apoptosis is delayed in targeted Atg5 knockout (KO) acinar cells, while the reduced expression of Atg5 in GCT cells (knockdown [KD]) renders persisted premature senescence phenotypes after ligation. The cell index is defined as relative changes in cell populations that are apoptag(+) for apoptosis and β-gal(+) for stress-induced premature senescence, respectively.
